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Abstract: The objective of this work is to suggest a conceptual framework on teaching 
capacitors and inductors in order to improve teaching abilities and to eliminate some 
fundamental misconceptions. The effort initially deals with resolution of physical structure 
and structural concepts/parameters of the devices and then resolves DC and AC responses 
of the inductors and capacitors. The resolutions are achieved by considering basic serious 
RL and RC circuits and resolving the circuits both theoretically and experimentally. As a 
result, an alternative teaching approach is offered and also a novel instructional material 
is developed and suggested. Some teaching clues are briefly inserted to guide 
teachers/instructors to reach a higher comprehension level. It is believed that the 
implications of the developed teaching material would be quite high and beneficial.  
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Capacitors and inductors likewise resistors are the most commonly used components in any 
electrical and electronics circuits and therefore stand at the center of fundamental teaching commit-
ments in electricity and electronics (Young et al., 2011). Comprehension of the physics underneath 
DC and AC behaviors of the devices is vital to understand further processes concerning the structures 
and to eliminate certain misconceptions (Hasanah, 2020; Newburgh, 2002). In this sense, physical 
structures, description of the capacitance and inductance are among the most fundamental features 
and ought to be made clear for both physics and engineering students (Serway & Jewett, 2018). 
Especially, distinct phase differences and also dissimilarities concerning DC and AC responses of the 
devices seem to be causing some major problems on understanding the mechanisms going on within 
the devices for majority of the students worldwide (Bilal Önder & Önder, 2019; Coppens et al., 2017; 
Kezerashvili, 2012; Mitkowski et al., 2010). Nevertheless, understanding certain mechanisms and 
processes within the DC and AC circuits for both capacitors and inductors are in fact essential for 
educational purposes (Chekour, 2018; Jao, 2016). 
Educational experiences conclude that capacitors are quite difficult to understand in the sense 
that it has an insulating layer nevertheless somehow conducts an electrical current (Ding et al., 2020; 
Stoyanov et al., 2019). Capacitors are also very interesting, for majority of the students, in the sense 
that concerning the DC circuits, it has a transient current and an accumulating voltage between the 
conducting plates. It has been seen that students have difficulty in understanding the factors affect-
ing the capacitance of a capacitor and have a wrong view that capacitance depends on the potential 
difference on it and the charge on its plates (Demirci & Çirkinoğlu, 2004; Li et al., 2012). AC response 
of the capacitors is also very interesting, for the students, due to demonstrating a clear phase shift 
relative to the resistor. There have been a number of studies focusing on clarifying certain teaching 
problems of the capacitors and their responses within the AC and DC circuits (Costa et al., 2007; 
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Goodman, 2015; Trajkovic, 2011). In another study engineering students' knowledge of circuits with 
a resistor and a capacitor was examined and it was found that students had significant difficulties 
with unfamiliar circuit configurations (Pulé, 2012). 
Similarly, inductors seem to be at the heart of certain educational difficulties. The physical 
structure of the inductors is only made up of an insulating coated conducting wire, nevertheless the 
origin of the voltage created across an inductor is commonly considered to be difficult to teach. 
Additionally, existence of a phase shift relative to the voltage of the resistor also arises certain 
teaching problems (Sterian et al., 2008). Therefore, teaching AC and DC responses of the inductors 
need to spend more attention and further considerations for a better understanding. There have 
been a number of studies illuminating certain teaching problems of the inductors and their responses 
within AC and DC circuits (Carstensen & Bernhard, 2019). In a study conducted by (Salar et al., 2016), 
it was seen that the physics teacher candidates had insufficient knowledge about diodes, coils and 
capacitors and had difficulty in understanding the differences between alternating current and direct 
current. 
Method 
The present work focuses on suggesting an alternative approach and developing novel teach-
ing materials that could easily be employed within the basic physics teaching classrooms and labora-
tories. The research approach can be classified as the descriptive approach and the research model 
can be named as developmental research model. 
The work is based on answering the following problem statements that are specifically formu-
lated to overcome certain teaching obstacles: (1) How can we teach structural concepts/parameters 
of capacitors and inductors in a better way to achieve higher comprehension levels?; (2) How can we 
conceptually teach differences on AC and DC responses of a capacitor (C) in a series RC circuit in a 
better way? And (3) How can we conceptually teach differences on AC and DC responses of an 
inductor (L) in a series RL circuit in a better way? 
Results and Discussion 
Structural Concepts of Capacitors 
Capacitors are mainly used to build up charge and consequently to store electrical energy 
within the electrical and electronics circuit (Young et al., 2011). Capacitors can be used in DC circuits 
for transient currents and permanent voltages and in AC circuits to vary alternating currents and 
voltages. Capacitors are comprised of two conducting plates and in-between an insulator is placed 
such that any current in the circuit accumulates charges on the conducting plates however cannot 
possibly travel through the insulator, as shown in Figure 1. Hence, by connecting capacitors to a 
circuit, depending on the exact case, capacitor plates are charged or discharged by the time. 
 
Figure 1. Structural Parameters of a Parallel Plate Capacitor 
Figure 1 specifically shows the conducting plates of A and B, distance between the plates, d, 
area of the plates, A, and insulating layer between the plates with a dielectric permittivity of ∈. In the 
Figure 1, +Q and –Q showing the amount of charges at an instant time of t.  
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Teaching Clue: In capacitors, no current flows between the conducting plates inside the insulator.  
The charge on a capacitor depends on the physical shape and properties of the plates and 
insulating layer. Physical properties, for parallel plate capacitors, are comprised of the overlapping 
area of the plates, A, thickness of the insulator, d, and dielectric permittivity of the insulator which is 
denoted by ∈ for the material. Capacitance physically determines the maximum amount of charge 
that can possibly be accumulated on the plates. Capacitance of a parallel plate capacitor is structural, 
fixed and generally described by,  
   1) 
Teaching Clue: Capacitance of a capacitor depends only on physical parameters of the device and 
dielectric permittivity of the insulator, hence does not depend on voltage or charge accumulation 
speed. 
Charging process of an empty capacitor starts by connection to a power supply and 
accumulating charge amount, at time of t, is simply given by, 
  2) 
where  denotes electrical voltage between the two conducting plates, C denotes actual capaci-
tance and denotes amount of charge at any plate at an instant of t. The potential difference 
between the conducting plates, , changes due to the accumulation of the charges on the plates, 
, in the sense that as the instantaneous charge increases, that charges also oppose and slow 
down the further charge accumulation speed. Instantaneous current at any time is then given by, 
, therefore time dependent instantaneous charge can be given by,  
  3) 
Instantaneous voltage difference between the capacitors’ plates is then given by, 
  4) 
Equation 4 is important to understand DC and AC responses of a capacitor. The equation states 
that a capacitor in fact integrates the instantaneous current in the circuit and the voltage difference 
between the two conducting plates is basically determined by the integrated current within the 
circuit.  
Teaching Clue: Current at capacitor circuits continuously varies and voltage across the capacitor plat-
es is determined by the integration of the current. 
Structural Concepts of Inductors 
 
Figure 2. Structural Parameters of a Cylindrically Shaped Inductor 
Inductors are simply made up of insulating coated conducting wire, winded around a cylinder, 
hence specially shaped to carry current loops. Inductors basically operate based on the fact that a 
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current carrying wire creates magnetic fields around, in accordance with the Biot Savart’s Law or 
alternatively Ampere’s Law (Serway & Jewett, 2018). Current loops obviously generate magnetic 
fields confined, by a large amount, inside the coil and uniform. Structural Parameters of a Cylindri-
cally Shaped Inductor as shown in Figure 2.  
Structural parameters of a cylindrically shaped inductor that are length of the coil, , cross 
sectional area of , number of turns or loops of N and magnetic permeability of the inner core mate-
rial, . The inner core material depending on the magnetic properties can increase the magnetic field 
strength by a factor of magnetic permeability.  
Cylindrically shaped inductors are made up of certain physical parameters which are length of 
, cross sectional area of  and number of turns or loops of  and magnetic permeability of the inner 
core material, . When a current, , passes through the inductor/wire, electrical current simply 
generates an instantaneous magnetic induction of, . Magnetic induction inside the inductor, 
according to the Biot Savart ‘s Law or Ampere’s Law, is given by, 
  5) 
where  denotes the number of windings,  denotes the length of the inductor and  denotes the 
magnetic permittivity of the media within the inductor. Magnetic flux is defined as , 
and any change of magnetic flux within the inductor induces a clear voltage difference between the 
two ends of the inductor according to the well-known Faraday’s Law (Young et al., 2011). Faraday’s 
law states that the voltage is determined by the instantaneous magnetic flux change and given by, 
 6) 
where  denotes the magnetic flux.  
Teaching Clue: Voltage across an inductor is only inducted by the change of the magnetic flux, noth-
ing else.  
Voltage across the inductor is then simply given by, 
  7) 
where  denotes the inductance of the inductor and depends on the physical properties of 
the inductor, such as length, , number of windings, , cross sectional area of  and magnetic 
permittivity of the material within the inductor .  
Teaching Clue: Inductance of an inductor depends only on the physical parameters of the device and 
does not change with the current or voltage variations through the inductor. 
Teaching Clue: Inductors simply differentiate instantaneous current and creates a net voltage differ-
rence across the two ends. 
Theoretical Resolution of DC and AC Behaviors of Capacitors 
 
Figure 3. Circuit Employed to Resolve Both DC and AC Behaviors of Capacitors 
Momentum: Physics Education Journal, 5 (2), 2021, 186 
Mustafa Erol, Esra Bilal Önder 
Copyright © 2021, Momentum: Physics Education Journal, ISSN 2548-9127 (print) | 2548-9135 (online) 
In order to theoretically resolve behaviors of a capacitor within DC and AC circuits, the basic 
circuit shown in Figure 3 is simply considered. The circuit consists of a capacitor of , a resistor of , 
an alternating and a direct voltage source and two switches.  
In general, independently from type of the source, Kirchhoff’s voltage law governs the 
instantaneous voltage which means that sum of the voltage changes within a current loop must be 
equal to zero, that is, 
  8) 
In the case of only DC voltage source feeding the devices, that means S1 is switched on and S2 
is off, the voltage feeding the circuit is constant, , then solution of the voltage equation 
leads to the instantaneous current decreasing exponentially in accordance with, 
   9) 
Teaching clue: Capacitors, in DC circuits, can only carry transient currents, hence no permanent 
currents can be created. 
In this equation,  denotes the time constant of the capacitor and practically determin-
es the charging and discharging time scale of the capacitor. Specifically in the case of  
the current decreases to approximately % 5 of the maximum current which is  . The express-
ion also demonstrates that voltage on the resistor follows the exponential decrease of the current, 
that means, , and consequently instantaneous voltage across the capacitor increases 
accordingly, 
  10) 
Teaching clue: Capacitors, in DC circuits, create permanent voltages which are equal to the voltage of 
the source.  
If the voltage source is only AC or sinusoidal, that means S2 is closed and S1 is open, then 
instantaneous voltage across the capacitor is given by the Equation (4) and capacitor in fact 
integrates the actual instantaneous current. Hence, assuming the current is given by sin 
(wt) then the instantaneous voltage is given by, 
)  11) 
This equation clearly demonstrates 90 degrees phase delay with respect to the voltage on the 
resistor  or with respect to the current on the circuit, . It is also obvious that the amplitude 
of the capacitors’ voltage is given by  , hence impedance of the capacitor can be expressed 
by  . 
Teaching clue: Capacitors, in AC circuits, create permanent sinusoidal voltages which demonstrate 90 
degrees’ phase shift, behind current or voltage of the resistor.  
Theoretical Resolution of DC and AC Behaviors of Inductors 
 
Figure 4. Circuit Employed to Resolve Both DC and AC Behaviors of Inductors 
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In order to theoretically demonstrate performance of the inductors within DC and AC circuits, 
an elementary circuit shown in Figure 4 is considered. The circuit is principally composed of an 
inductor of  with an electrical resistance of RL, an external resistor of , an alternating and a direct 
voltage source and two keys. 
In this case, Kirchhoff’s voltage law rules the instantaneous voltage that means sum of the 
voltage changes within a current loop must be equal to zero, which can be written by,  
  12) 
where overall resistance,  , includes the resistance of the inductor and external resistor, 
. If only DC voltage source feeds the devices, that means S1 is switched on and S2 is off, 
then voltage feeding the circuit is constant,  . Assuming that resistance  includes the 
electrical resistance of the inductor , solution of the Equation (12) leads to the instantaneous 
current in accordance with, 
  13) 
Teaching clue: Inductors, in DC circuits, create permanent currents which are simply equal to DC 
source voltage divided by overall resistance, . 
The electrical resistance of the inductor is surely due to the various scattering processes that 
are determined by Ohm's law. Hence, it is obvious that electrical resistance of the inductor can be 
considered as negligible with respect to the actual external resistor so  can be written, 
therefore  can easily be assumed. Time constant of the RL circuit can also be defined as  
which determines the time scale of the inductor for the DC circuits.  
Consequently, instantaneous voltage across the inductor can be defined as,  
  14) 
Teaching clue: Inductors, in DC circuits, can only create transient voltages, hence no permanent 
voltages can be created. 
If the voltage source is only AC or sinusoidal, that means S2 is closed and S1 is open, then 
instantaneous voltage across the inductor, , is given by the Equation (7) and inductor simply 
differentiates the actual instantaneous current in accordance with,  
  15) 
Hence, assuming the current is given by  then instantaneous voltage is given 
by, 
) 16) 
This equation clearly demonstrates 90 degrees’ phase difference with respect to the voltage 
on the resistor  or with respect to the current on the circuit, . It is also apparent that the 
amplitude of the inductors’ voltage is given by  , and the impedance of the inductor is 
expressed by . 
Teaching clue: Inductors, in AC circuits, create permanent sinusoidal voltages which demonstrate 90 
degrees’ phase shift, in front of the current or the voltage of the resistor. 
Experimental results of DC and AC Responses of Capacitors 
In order to demonstrate DC and AC responses of the capacitors, for teaching purposes, the 
experimental setup in Figure 5 was designed by using a 1µF capacitor, 1kΩ resistor and a signal 
generator. Time constant of the RC circuit is τ = 1ms. 
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Figure 5. Experimental Setup Used for the RC Circuit 
DC Response of Capacitors 
In order to obtain DC response of the capacitor, a square wave with a long enough period 
 is applied to the circuit from the source signal generator. The smallest period, for a good 
observation on the oscilloscope, applied for this circuit is T= 10ms and corresponding frequency is 
100Hz. Square voltage waves with a peak to peak value of 10V and a frequency of 50Hz were specifi-
cally used in our experiments. Voltage across the capacitor can theoretically be calculated by substi-
tuting instant time values of t= 1τ, 2τ, 3τ in the Equation (10). Corresponding measurements are 
achieved by using appropriate functions of the oscilloscope. Theoretically calculated and experi-
mentally measured voltage values are given in Table 1 for certain consecutive instants. 
Exponential voltage increases, in accordance with the Equation (10), were successively observ-
ed for approximately t= 1τ, 2τ, and 3τ and relevant screenshots are shown in Figures 6a, 6b and 6c. 
 
(a) 
   
(b)                                                                                     (c) 
Figure 6. Experimental Voltage-Time Graphs of a Charging Capacitor at (a) t=τ, (b) t=2τ, and (c) t=3τ 
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Table 1. Theoretical and Experimental Voltage Values for Three Consecutive Values of Time 
Time 
Capacitor Voltage (V) 
Theoretical Experimental 
1τ 6.32 5.20 
2τ 8.64 7.60 
3τ 9.50 8.80 
Teaching Clue: Capacitors in DC circuits can only pass current for a short time depending on the time 
constant, however holds voltages permanently. 
AC Response of Capacitors 
In order to experimentally observe AC response of the capacitors, a sinusoidal signal with a 
frequency of 1kHz and 15V peak to peak amplitude is applied to the circuit in Figure 5. To observe 
actual experimental change of the voltage of the resistor and capacitor, two ends of the capacitor 
were connected to channel 1 and input signal to channel 2 on the oscilloscope. Using the CH2-CH1 
math function of the oscilloscope, solely voltage of the resistance was observed on the oscilloscope. 
In Figure 7, an oscilloscope image of the resistor with the larger amplitude and the capacitor image 
with the smaller amplitude are given.  
 
Figure 7. AC voltage-time graphs obtained experimentally are shown for the both resistor (larger amplitude) 
and capacitor (smaller amplitude) 
 
Figure 8. Experimental Setup for RL Circuit 
In order to specifically observe voltage waveforms across the resistor and capacitor, an input 
signal with the frequency of 1kHz and a period of 1ms were used for the measurements. It is clearly 
seen, from the Figure 7, that the difference between the cursors is about 250µs. This shows that 
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there is a 900 phase difference between the voltage of the capacitor and the voltage of the resistor 
and therefore the current in the circuit. 
Teaching Clue: Capacitors create voltage signals with a 90-degree phase shift behind the current 
signal or the voltage signal across the resistor due to the charging process. 
Experimental results of DC and AC Responses of Inductors 
In order to observe DC and AC responses of the inductors, an experimental setup given in 
Figure 8 was created using a 1mH inductor, 1kΩ resistor and a signal generator. Hence, the time 
constant of the inductor in the circuit is set to be τ = 1µs. 
DC Response of Inductors 
In order to detect DC response of the inductors, a square waveform with a long enough period 
 is applied to the circuit from the source signal generator. The smallest period applied for a 
clear observation on the oscilloscope is T= 10µs and corresponding frequency is 100kHz. Square 
voltage waves with a peak to peak value of 10V and a frequency of 1kHz were specifically used in our 
experiments. The voltage across the inductor can obviously be estimated by substituting instant time 
values of t= 1τ, 2τ, 3τ in the Equation (14). Corresponding measurements are experimentally 
achieved on the oscilloscope by using appropriate functions of the scope. Theoretically calculated 
and experimentally measured voltage values are given in Table 2. 
Table 2. Theoretical and Experimental Voltage Values for Three Consecutive Values of Time 
Time 
Inductor Voltage (V) 
Theoretical Experimental 
1τ 3.67 3.80 
2τ 1.35 1.0 
3τ 0.49 0.40 
Exponentially decreasing voltage values across the inductor was observed on the oscilloscope 
for approximately t=1τ, 2τ, and 3τ and all are shown in Figure 9. 
 
(a) 
    
(b)                                                                                      (c) 
Figure 9. Voltage-Time Graph of an Inductor at (a) t=1τ, (b) t=2τ and (c) t=3τ 
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Teaching Clue: Inductors in DC circuits can pass permanent current however holds the voltage for a 
very short time. 
AC Response of Inductors 
In order to see AC response of the inductors, a sinusoidal waveform with a frequency of 
100kHz and 15V peak to peak amplitude is applied to the circuit in Figure 8. In order to see change of 
the voltage across the resistor and inductor, two ends of the inductor were connected to channel 1 
and input signal to channel 2 on the oscilloscope. Using the CH2-CH1 math function of the oscillo-
scope, voltage of the resistance is observed on the oscilloscope. In Figure 10, an oscilloscope image 
of the resistor with the larger amplitude and image of the inductor with the smaller amplitude are 
presented. 
 
Figure 10. AC Voltage-Time Graphs Obtained Experimentally Are Shown for the Inductor (Larger Amplitude) 
and Resistor (Smaller Amplitude) 
In order to specifically observe voltage waveforms across the resistor and inductor, a signal 
with frequency of 1kHz and period of 1ms is used in the circuit. When Figure 8 is examined, it is 
clearly seen that the difference between the cursors corresponding waveforms is 250µs. This under-
lines that there is a 900 phase difference between the voltage of the inductor and the voltage of the 
resistor and therefore the current in the circuit. 
Teaching Clue: Inductors create a voltage waveform with a 90-degree phase shift in front of the 
current or the voltage across the resistor due to the magnetic flux or current change. 
Conclusions 
This work is an effort to eliminate some common misconceptions and learning difficulties on 
capacitors and inductors. The effort initially deals with resolution of physical structures and structural 
concepts/parameters of the devices by defining the capacitance and inductance, underlining that the 
structural concepts are independent of the external factor, namely applied voltages or current 
changes. Resolutions of the devices are achieved by considering basic serious RL and RC circuits and 
by resolving the circuits theoretically and also experimentally. Teaching framework, which offers a 
number of teaching clues, is considered to be helpful in order to improve instructional abilities and to 
suggest a better comprehension of the inductors and capacitors. The effort is also thought to be 
important to eliminate some important misconceptions and misinterpretations widely observed in 
electricity and electronics. 
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